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INTEGRATED CIRCUIT 3D PHASE CHANGE
MEMORY ARRAY AND MANUFACTURING
METHOD

PARTIES TO A RESEARCH AGREEMENT

International Business Machines Corporation, a New York
corporation and Macronix International Corporation, Ltd., a
Tatwan corporation, are parties to a Joint Research Agree-
ment.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to high density phase change
memory devices, and particularly to memory devices in
which multiple planes of memory cells are arranged to pro-
vide a three-dimensional 3D array.

2. Description of Related Art

Phase-change-based memory materials, like chalco-
genide-based materials and similar materials, can be caused
to change phase between an amorphous state and a crystalline
state by application of electrical current at levels suitable for
implementation 1n integrated circuits. The generally amor-
phous state 1s characterized by higher electrical resistivity
than the generally crystalline state, which can be readily
sensed to indicate data. These properties have generated inter-
est 1n using programmable resistance material to form non-
volatile memory circuits, which can be read and written with
random access.

As critical dimensions of devices in integrated circuits
shrink to the limits of common memory cell technologies,
designers have been looking to techniques for stacking mul-
tiple planes of memory cells to achieve greater storage capac-
ity, and to achieve lower costs per bit. Multilayer phase
change devices have been proposed 1n Haring-Bolivar et al.,
U.S. Patent Application Publication No. US 2008/0101109,
published 1 May 2008 (See, FIG. 11a). The Haring-Bolivar et
al. structure consists of anumber of 2D phase change memory
cell arrays, arranged 1n a stack above one another, 1n which
phase change memory elements arranged directly above one
another are actuated and contacted by a selection transistor by
way of a common via.

Multilayer processes have been explored for other memory
technologies as well. For example, thin film transistor tech-
niques are applied to charge trapping memory technologies in
Lai, et al., “A Multi-Layer Stackable Thin-Film Transistor
(TF'T) NAND-Type Flash Memory”, IEEE Int’l Electron
Devices Meeting, 11-13 Dec. 2006; and 1n Jung et al., ““Three
Dimensionally Stacked NAND Flash Memory Technology
Using Stacking Single Crystal S1 Layers on ILD and TANOS
Structure for Beyond 30 nm Node”, IEEE Int’l Electron
Devices Meeting, 11-13 Dec. 2006.

Also, cross-point array techniques have been applied for
anti-fuse memory 1n Johnson et al., “512-Mb PROM With a
Three-Dimensional Array of Diode/Anti-fuse Memory
Cells” IFEE J. of Solid-State Circuits, Vol. 38, No. 11,
November 2003. In the design described 1n Johnson et al.,
multiple layers of word lines and bit lines are provided, with
memory elements at the cross-points. The memory elements
comprise a p+ polysilicon anode connected to a word line,
and an n-polysilicon cathode connected to a bit line, with the
anode and cathode separated by anti-fuse material.

In the processes described 1n Haring-Bolivar et al., Lai, et
al., Jung, et al. and Johnson et al., there are several critical
lithography steps for each memory layer. Thus, the number of
critical lithography steps needed to manufacture the device 1s
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multiplied by the number of layers that are implemented.
Critical lithography steps are expensive, and so it 1s desirable

to minimize them 1n manufacturing integrated circuits. So,
although the benefits of higher density are achieved using 3D
arrays, the higher manufacturing costs limit the use of the
technology.

Another structure that provides vertical NAND cells 1n a
charge trapping memory technology 1s described 1n Tanaka et
al., “Bi1t Cost Scalable Technology with Punch and Plug Pro-
cess for Ultra High Density Flash Memory”, 2007 Sympo-
sium on VLSI Technology Digest of Technical Papers; 12-14
Jun. 2007, pages: 14-13. The structure described 1n Tanaka et
al. includes a multi-gate field effect transistor structure hav-
ing a vertical channel which operates like a NAND gate, using
s1licon-oxide-nitride-oxide-silicon SONOS charge trapping
technology to create a storage site at each gate/vertical chan-
nel interface. The memory structure 1s based on a pillar of
semiconductor material arranged as the vertical channel for
the multi-gate cell, with a lower select gate adjacent the
substrate, an upper select gate on top. A plurality of horizontal
control gates 1s formed using planar electrode layers that
intersect with the pillars. The planar clectrode layers used for
the control gates do not require critical lithography, and
thereby save costs. However, critical lithography steps are
required at the top and bottom of each of the vertical cells.
Also, there 1s a limit 1n the number of control gates that can be
layered 1n this way, determined by such factors as the con-
ductivity of the vertical channel, program and erase processes
that are used and so on.

It 1s desirable to provide a structure for three-dimensional
integrated circuit memory with a low manufacturing cost,

including reliable, very small memory elements.

SUMMARY OF THE INVENTION

A 3D memory device i1s based on an array of electrode
pillars and a plurality of electrode planes that intersect the
clectrode pillars at interface regions that include phase
change memory eclements. The electrode pillars can be
selected using two-dimensional decoding, and the plurality of
clectrode planes can be selected using decoding on a third
dimension.

An embodiment 1s described comprising an integrated cir-
cuit substrate having a memory cell access layer with an array
of access devices and a corresponding array of contacts onthe
top surface. A plurality of conductive layers lies over or under
the array of access devices, separated from each other and
from the array of access devices by insulating layers. An array
of electrode pillars extends through the plurality of conduc-
tive layers and insulating layers. The electrode pillars are
coupled to corresponding access devices, such as by contact-
ing the contacts in the array of contacts. Memory elements are
located 1n interface regions between the pillars and the con-
ductive layers, where each of the memory elements com-
prises a programmable phase change memory element in
series with a threshold switching device, such as a layer of
solid electrolyte or a tunneling dielectric.

In an alternative, the array of access devices may be formed
over, or between, the conductive layers using thin film tran-
sistors or related technology.

Row decoding circuits and column decoding circuits are
coupled to the array of access devices and are arranged to
select an electrode pillar 1n response to addresses. Plane
decoding circuits are coupled to the plurality of conductive
layers, and are arranged to select a conductive layer in
response to addresses. Also, the plane decoding circuits are
arranged to bias the threshold switching devices 1n a conduct-
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ing state in the interface regions of a selected conductive
layer, and bias the threshold switching devices 1n a non-
conducting state 1n the interface regions of non-selected con-
ductive layers.

Electrode pillars are described that include a conductor in
the form of a core of conductive material, contacting a corre-
sponding contact in the array of contacts, and a layer of
memory material and a layer of threshold switching material
between the core and the plurality of conductive layers. The
programmable elements in the memory elements comprise
active regions 1n the layer of memory material at the interface
regions. The programmable elements in the memory ele-
ments comprise active regions in the layer of memory mate-
rial at the interface regions between the core and the conduc-
tive layers.

Access devices 1n the memory cell access layer comprise
vertical transistors or horizontal transistors in various
embodiments described herein, with bit lines and word lines
coupled to the drains and gates of the transistors.

The plurality of conductive layers 1s formed using a
sequence ol blanket deposition processes, with patterning to
coniigure the perimeters of the layers for contact to the plane
decoding circuitry. The conductive layers can be patterned
using a tapered etch process, so that successive layers recede
on a taper to form ledges, and contacts are formed that contact
the ledges of the layers along the taper.

In another embodiment, the conductive layers have tabs
along the perimeters, which are configured for contact to the
decoding circuitry. The integrated circuit includes a wiring
layer overlying the plurality of conductive layers, which
includes conductors coupling the plurality of conductive lay-
ers to decoding circuitry. Conductive plugs contact the tabs on
the plurality of conductive layers and extend upwardly to the
wiring layer. The tabs are arranged 1n an interleaved fashion
in an embodiment that reduces the footprint of the plane
decoding circuits. The interleaved tabs are arranged so that
conductive plugs that are coupled to interleaved tabs on two
or more conductive layers are arranged 1n a row extending 1n
a direction defined by the interleaved tabs.

A method for manufacturing a memory device 1s described
that includes forming a memory cell access layer or otherwise
forming an array of access devices, forming a plurality of
conductive layers that overlies an array of access devices 1n
the memory cell access layer, forming an array of electrode
pillars extending through the plurality of conductive layers,
with memory elements in interface regions between the elec-
trode pillars in the plurality of conductive layers. A technique
for forming the plurality of conductive layers includes, after
depositing an interlayer dielectric on the top surface of the
access layer, for each conductive layer executing the steps of
forming a blanket layer of conductive material and forming a
blanket layer of insulating material on the blanket layer of
conductive material. A technique for forming an electrode
pillar in the array of electrode pillars includes after providing,
the plurality of conductive layers, defining an electrode via
through the plurality of conductive layers over one of the
contacts in the array of contacts. Next, a layer of threshold
switching material, such as an solid electrolyte material or a
tunneling dielectric, 1s formed on the side walls of the elec-
trode via. Then, a layer of phase change memory matenal 1s
formed over the layer of threshold switching material.
Finally, the electrode via 1s filled over the layer of memory
material with an electrode material, using one or more layers
of a conductive material such as a metal like tungsten, or a
metal nitride like titanium nitride.

In one process described herein, a technique for defining a
perimeter on the blanket layer of conductive material includes
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4

patterning portions of the perimeter so that they include tabs
configured for contact to decoding circuitry. A plurality of

conductive plugs 1s formed after forming a plurality of con-
ductive layers, which contact respective tabs on the plurality
of conductive layers and extend upwardly to a wiring plane
overlying the plurality of conductive layers. The tabs can be
arranged 1n an interleaved fashion, so that conductive plugs
that are coupled to interleaved tabs on different conductive
layers are arranged 1n a row, which extends 1n a direction
defined by the interleaved tabs.

A novel three-dimensional, phase change memory cell
structure 1s described. In one example, a word line and a bit
line are used to drive an access transistor. The access transis-
tor 1s connected to an electrode pillar. The electrode pillar
includes a phase change material layer, and a threshold
switching layer on the phase change material layer. A sidewall
of the electrode pillar 1s contacted by multiple layers of con-
ductive material. The interface region between each conduc-
tive layer and the perimeter of the electrode pillar provides a
memory cell.

A memory cell 1s programmed by enabling one word line
and one bit line coupled to the access transistor for a selected
pillar. The voltage bias between the pillar and a selected
conductive layer will bias the threshold switching material 1n
a conducting state, and program an active region of the phase
change material 1n the interface region. Information 1s read
out by sensing the current on a selected bit line or on one of the
conductive layers coupled with a selected memory cell.

Other aspects and advantages of the present invention can
be seen on review of the drawings, the detailed description
and the claims, which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11sacross-sectionof a vertical FET access device and
a multilevel electrode pillar including a plurality of memory
clements for a device as described herein.

FIG. 2 15 a top view of a multilevel electrode pillar with the
conductive layers removed.

FIG. 3 illustrates an interface region on the multilevel
clectrode pillar including a memory element and a threshold
switching element.

FIG. 4 1s a schematic diagram of an access device and
multilevel electrode pillar, such as shown 1n FIG. 1.

FIG. 5 a schematic diagram of a 2x2xn portion of a
memory array composed ol multilevel electrode pillars.

FIG. 6 1s a cross-section of a horizontal FET access device
in a multilevel electrode pillar including a plurality of
memory elements for a device as described herein.

FIG. 7 1s alayout view showing word lines and bit lines for
a memory array implemented as shown in FIG. 7.

FIGS. 8 A-8C illustrate stages 1n a process for patterning,
the perimeter of the conductive layers, based on a tapered
etch.

FIG. 9 1s a layout view of a conductive layer and intercon-
nect wiring for connecting the conductive layers to plane
decoding circuitry.

FIG. 10 1s a cross-section of a portion of a memory array
including horizontal FET access devices

FIG. 11 1s a cross-section of another portion of a memory
array including horizontal FET access devices, and intercon-
nect plugs and vias on the perimeters of the conductive layers.

FIGS. 12A-12B are a flow chart for a method for manufac-
turing a memory array as described herein.

FIGS. 13A-13B illustrate the layout of conductive layers
including interleaved tabs arranged for making contact with
interconnect vias and plugs.
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FIG. 14 shows a top view of the conductive layers includ-
ing interleaved tabs and overlying wiring for interconnecting
with decoding circuitry.

FIG. 15 15 a cross-section diagram illustrating an electrode
pillar stack adaptable for a very large number of memory
planes.

FIG. 16 1s a schematic diagram of an integrated circuit
including a 3D memory array with row, column and plane
decoding circuitry.

DETAILED DESCRIPTION

A detailed description of embodiments of the present
invention 1s provided with reference to the FIGS. 1-16.

FIG. 1 1s a cross-section of a multilevel memory cell. The
memory cell 1s formed on an integrated circuit substrate that
in this example includes a semiconductor body 10 with trench
isolation structures 12 patterned 1n rows on the surface.
Between the trench isolation structures 12, implants are
deposited to form buried diffusion bit lines 11. An access
device for a single memory cell pillar 1s shown which consists
of a vertical FET transistor having a drain 13, a channel 14,
and a source 15 surrounded by a gate dielectric layer 29. An
insulating layer 16 overlies the semiconductor body 10. A
word line 17 traverses the array and surrounds the channel 14
of the vertical FET. An insulating layer 18 overlies the word
line 1n this example. A silicide layer 19 1s formed on top of the
source 15. In this example, a tungsten contact pad 20 1s
defined and patterned on the silicide layer 19. An insulating
layer, including 1n this example layer 21 and layer 22 overlies
the contact pad 20. The parts of the structure shown 1n the
figure from the contact pad 20 to the semiconductor bodies 10
(e.g. bulk silicon) are part of an integrated circuit substrate
including a memory cell access layer 100.

A plurality of conductive layers 23-1 through 23-7 overlies
the contact pad 20 and insulating layer 22. Insulating layers
24-1 through 24-(n-1) separate the conductive layers 23-1
through 23-z from one another. The conductive layers 23-1
through 23-» may comprise refractory metals such as W, or
other materials, for example, TiN or TaN. Alternatively, the
conductive layers 23-1 through 23-» may comprise, for
example, one or more elements from the group of T1, Mo, Al,
Ta, Cu, Pt, Ir, La, N1, N, O, and Ru. In other embodiments, the
conductive layers 23-1 through 23-» may comprise doped
polysilicon, other doped semiconductor materials.

Insulating layer 24-n covers the top conductive layer 23-z.
In alternative embodiments, the array of access devices may
be formed over the plurality of conductive layers, or between
conductive layers, using thin film transistor techniques for
example.

An electrode pillar for a multilevel memory consists of a
conductor including a central conductive core 25 made for
example of tungsten or other suitable electrode material, sur-
rounded by a layer 26 of phase change memory material and
a layer 27 of threshold switching material over the layer 26 of
phase change memory material, where the threshold switch-
ing material contacts, or 1s otherwise in electrical current
communication with the plurality of conductive layers.

Interface regions, such as the region 30, between the plu-
rality of conductive layers 23-1 through 23-z and the pillar
include phase change memory elements comprising a pro-
grammable element 1n series with a threshold switching ele-
ment as explained in more detail below with reference to FIG.
3.

Layer 26 includes phase change based memory maternals,
such as chalcogenide based materials and other matenals.
Chalcogens include any of the four elements oxygen (O),
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sulfur (S), selenium (Se), and tellurium (Te), forming part of
group VIA of the periodic table. Chalcogenides comprise
compounds of a chalcogen with a more electropositive ele-
ment or radical. Chalcogenide alloys comprise combinations
of chalcogenides with other materials such as transition met-
als. A chalcogenide alloy usually contains one or more ele-
ments from group IVA of the periodic table of elements, such
as germanium (Ge) and tin (Sn). Often, chalcogenide alloys
include combinations including one or more of antimony
(Sb), gallium (Ga), indium (In), and silver (Ag). Many phase
change based memory materials have been described 1n tech-
nical literature, including alloys of: Ga/Sb, In/Sb, In/Se,
Sh/'Te, Ge/Te, Ge/Sb/Te, In/Sbh/Te, Ga/Se/Te, Sn/Sb/Te,
In/Sb/Ge, Ag/In/Sb/Te, Ge/Sn/Sb/Te, Ge/Sb/Se/Te and
Te/Ge/Sb/S. In the family of Ge/Sb/Te alloys, a wide range of
alloy compositions may be workable. The compositions can
be characterized as Te,Ge,Sb,oo_(,,5) One researcher has
described the most useful alloys as having an average con-
centration of Te 1n the deposited materials well below 70%,
typically below about 60% and ranged in general from as low
as about 23% up to about 58% Te and most preferably about
48% to 58% Te. Concentrations of Ge were above about 5%
and ranged from a low of about 8% to about 30% average 1n
the material, remaining generally below 50%. Most prefer-
ably, concentrations of Ge ranged from about 8% to about
40%. The remainder of the principal constituent elements 1n
this composition was Sb. These percentages are atomic per-
centages that total 100% of the atoms of the constituent ele-
ments. (Ovshinsky U.S. Pat. No. 5,687,112 patent, cols.
10-11.) Particular alloys evaluated by another researcher
include Ge,Sb,Te., GeSb,Te, and GeSb,Te, (Noboru
Yamada, “Potential of Ge—Sb—Te Phase-Change Optical
Disks for High-Data-Rate Recording™, SPIE v. 3109, pp.
28-37 (1997).) More generally, a transition metal such as
chromium (Cr), 1ron (Fe), nickel (N1), niobium (Nb), palla-
dium (Pd), platinum (Pt) and mixtures or alloys thereol may
be combined with Ge/Sb/Te to form a phase change alloy that
has programmable resistance properties. Specific examples
of memory materials that may be useful are given 1n Ovshin-
sky ’112 at columns 11-13, which examples are hereby incor-
porated by reference.

Chalcogemdes and other phase change materials are doped
with impurities 1n some embodiments to modify conductivity,
transition temperature, melting temperature, and other prop-
erties of memory elements using the doped chalcogenides.
Representative impurities used for doping chalcogenides
include nitrogen, silicon, oxygen, silicon dioxide, silicon
nitride, copper, silver, gold, aluminum, aluminum oxide, tan-
talum, tantalum oxide, tantalum nitride, titanium and tita-
nium oxide.

Phase change alloys are capable of being switched between
a first structural state 1n which the material 1s 1n a generally
amorphous solid phase, and a second structural state in which
the material 1s 1n a generally crystalline solid phase 1n 1ts local
order 1n the active channel region of the cell. These alloys are
at least bistable. The term amorphous i1s used to refer to a
relatively less ordered structure, more disordered than a
single crystal, which has the detectable characteristics such as
higher electrical resistivity than the crystalline phase. The
term crystalline 1s used to refer to a relatively more ordered
structure, more ordered than 1 an amorphous structure,
which has detectable characteristics such as lower electrical
resistivity than the amorphous phase. Typically, phase change
materials may be electrically switched between different
detectable states of local order across the spectrum between
completely amorphous and completely crystalline states.
Other material characteristics atfected by the change between
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amorphous and crystalline phases include atomic order, free
clectron density and activation energy. The material may be
switched either into different solid phases or into mixtures of
two or more solid phases, providing a gray scale between
completely amorphous and completely crystalline states. The
clectrical properties in the material may vary accordingly.
Phase change alloys can be changed from one phase state to
another by application of electrical pulses. It has been
observed that a shorter, higher amplitude pulse tends to
change the phase change material to a generally amorphous
state. A longer, lower amplitude pulse tends to change the
phase change material to a generally crystalline state. The
energy 1n a shorter, higher amplitude pulse 1s high enough to
allow for bonds of the crystalline structure to be broken and
short enough to prevent the atoms from realigning into a
crystalline state. Approprate profiles for pulses can be deter-
mined, without undue experimentation, specifically adapted
to aparticular phase change alloy. In following sections of the
disclosure, the phase change material 1s referred to as GST,
and 1t will be understood that other types of phase change

materials can be used. A material useful for implementation
of a PCRAM described herein 1s Ge,Sb, Te..

An exemplary method for forming chalcogenide material
uses PVD-sputtering or magnetron-sputtering method with
source gas(es) of Ar, N,, and/or He, etc. at the pressure of 1
mTorr~100 mTorr. The deposition 1s usually done at room
temperature. A collimator with an aspect ratio of 1~5 can be
used to improve the fill-in performance. To improve the fill-in
performance, a DC bias of several tens of volts to several
hundreds of volts 1s also used. On the other hand, the combi-
nation of DC bias and the collimater can be used simulta-
neously.

Another exemplary method for forming chalcogenide
material uses chemical vapor deposition CVD such as that
disclosed in US Publication No 2006/0172067 entitled
“Chemical Vapor Deposition of Chalcogenide Materials”,
which 1s incorporated by reference herein.

A post-deposition annealing treatment 1n a vacuum or 1n an
N, ambient 1s optionally performed to improve the crystal-
lized state of chalcogenide material. The annealing tempera-
ture typically ranges from 100° C. to 400° C. with an anneal
time of less than 30 minutes.

FIG. 2 shows a top view layout of an electrode pillar
including the conductive core 25, the layer 26 of phase change
material and the layer 27 of threshold switching material. The
bit lines 11 are laid out 1n a first direction, and the word lines
17 are laid out in an orthogonal direction. The electrode
pillars are surrounded by an annular layer 27 of threshold
switching material. The ring shaped interfaces between the
layer of threshold switching material in the pillar and each of
the layers of conductive material define the interface regions
including memory elements.

FIG. 3 shows a portion of a memory element, such as in
interface region 30, including conductive layer 23-2, layer 26
ol phase change matenial, conductive core 25, and the layer 27
of threshold switching material. In the native state, a layer 26
of phase change maternal can have a thickness on the order of
5 to 50 nanometers. An active region 1s formed adjacent each
conductive layer, which changes resistance in response to
setting and resetting pulses, applied under control of on-chip
control circuits as described below with reference to FIG. 16.
A read pulse may comprise a 1 to 2 volt pulse having a pulse
width that depends on the configuration, applied under con-
trol of on-chip control circuits as described below with refer-
ence to FIG. 19. The read pulse can be much shorter than the
programming pulse.
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Threshold switching materials used in layer 27 are charac-
terized by having low conductivity at relatively low voltages
encountered by unselected cells on a pillar, and having rela-
tively high conductivity at operating voltages for reading,
setting and resetting encountered by selected cells on a pillar.
The threshold switching layer 27 can be implemented using
materials such as solid electrolyte like for example germa-
nium silicide, or other suitable material. See U.S. Pat. No.
7,382,647 by Gopalakrishnan for other representative solid
clectrolyte materials. Alternatively, a tunneling dielectric
layer, such as a layer of silicon dioxide having thickness on
the order of 10 to 50 nanometers may be used as a threshold
switching material, 1n which a low electric fields allows neg-
ligible tunneling current, and at higher electric fields allows
greater tunneling current as required for reading, setting and
resetting the active region i the memory material.

FIG. 4 15 a schematic illustration of the structure of FIG. 1.
An electrode pillar 40 1s coupled to an access transistor 41
which 1s selected using the bit line 42 and word line 43. A
plurality of memory elements 44-1 through 44-n are con-
nected to the pillar 40. Each of the memory elements includes
a programmable element 48 1n series with a threshold switch-
ing element 49. This series circuit schematic represents the
structure shown 1n FIG. 3. The programmable element 48 1s
represented by a symbol often used to indicate programmable
resistance.

Each of the memory elements 44-1 through 44-7 1s coupled
to a corresponding electrode plane 45-1 through 45-r, where
the electrode planes are provided by the conductive layers of
material described herein. The electrode planes 45-1 through
45-n are coupled to a plane decoder 46 which 1s responsive to
addresses to apply a voltage, such as ground 47, to a selected
clectrode plane so that the threshold switching element in the
memory element 1s conducting, and to apply a voltage to or to
float an unselected electrode plane so that the threshold
switching element in the memory element 1s non-conducting.

FIG. 5 provides a schematic representation of a 2word-
linesx2 bitlinesxn planes, three-dimensional 3D memory
array. The array includes word lines 60 and 61, which are
intersected by bit lines 62 and 63. Access devices 64, 65, 66
and 67 lie at the crosspoints between the bit lines and the word
lines. Each access device 1s coupled to a corresponding elec-
trode pillar 68, 69, 70, 71. Each electrode pillar includes a
stack of memory elements that 1s a number “n” planes deep.
Thus, pillar 68 1s coupled to memory elements 72-1 through
72-n. Pillar 69 1s coupled to memory elements 73-1 through
73-n. Pillar 70 1s coupled to memory elements 74-1 through
74-n. Pillar 71 1s coupled to memory elements 75-1 through
75-n. The conductive layers are not illustrated 1n FIG. 3 to
avold crowding the drawing. The 2x2 xn array shown in FIG.
5 can be extended to arrays that are thousands of word lines by
thousands of bit lines with any number of planes. In repre-
sentative embodiments, the number n of planes can be powers
ol 2 to facilitate binary decoding, such as 4, 8, 16,32, 64, 128
and so on.

FIG. 6 1s a cross-section of a multilevel memory cell having,
a horizontal FET access device. The memory cell 1s formed
on an integrated circuit substrate that in this example includes
a semiconductor body 80. Optional trench 1solation structures
(not shown) can be formed on the surface to 1solate regions of
the device. Implants are deposited to form source 81 and drain
82 for the access device. A word line 83 1s formed between the
source 81 and drain 82 over a gate dielectric. An interlayer
dielectric 95 overlies the word line 1n the semiconductor body
80. Plug 84 and plug 86 arc formed 1n the interlayer dielectric
95. Plug 84 extends to a patterned metal layer including bat
line BL. Plug 86 extends to a surface of the interlayer dielec-
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tric 95 and provides a contact on which the electrode pillar 1s
formed. Thus the memory cell access layer 101, as identified
by the bracket in the embodiment of FIG. 6, includes the
clements from the surface of the interlayer dielectric 93 to the
semiconductor body 80.

A plurality of conductive layers 93-1 through 93-4 in this
example overlies an insulating layer 92 that 1s formed over the
top surface of the memory cell access layer 101. Insulating,
layers 94-1 through 94-3 separate the plurality of conductive
layers. Insulating layer 94-4 overlies the conductive layer
93-4.

A multilevel electrode pillar consists of the conductive core
including a central conductive core 87 surrounded by a layer
88 of phase change memory material. A layer 89 of threshold
switching material 1s formed between the layer 88 of phase
change memory material and a plurality of conductive layers
93-1 through 93-4, providing memory elements (e.g. clement
90) 1n the interface region.

FI1G. 7 shows a layout view for an array made using access
devices like the horizontal FET shown 1n FIG. 6. The array
includes contact plugs 86 for electrode pillars and contact
plugs 84 for bit lines. The bit lines 85-1 through 85-4 are
arranged diagonally. The word lines 83-1 through 83-2 are
arranged vertically 1n this layout. The active regions 96 for the
access devices are patterned as shown, so that they are essen-
tially orthogonal to the word lines 83-1, 83-2. Trench 1sola-
tion structures (not shown) can optionally be formed 1n par-
allel with the word lines 83-1, 83-2, between the columns of
contact plugs 86 and columns of contact plugs 84 1n adjacent
access transistors.

FIGS. 8A, 8B and 8C 1illustrate stages 1n a process for
defining the perimeters of the layers of conductive material in
order to make contact to the individual layers for decoding. In
FIG. 8A, a stack 1s 1llustrated including alternating conduc-
tive layers 147, 148, 149 and 150 and msulating layers 165,
166, 167, 168 and 169. The conductive layers and insulating
layers are deposited 1n alternating blanket depositions, which
can cover the entire memory area on the integrated circuit as
indicated by the break lines in the drawing. In order to pattern
the perimeters of the conductive layers, amask 160 1s formed.
The mask 160 has tapered sides 170. In order to make the
mask, a layer of hard mask material such as silicon nitride can
be deposited over the structure. A layer of photoresist can then
be patterned and etched to define the tapered sides on the
photoresist. The resulting structure 1s then etched, with the
taper in the photoresist layer being transierred to a corre-
sponding taper 170 on the hard mask 160.

As illustrated in FIG. 8B, the tapered hard mask 160 1s then
used 1n a similar manner. An etching process, such as a reac-
tive 10on etch RIE, 1s applied so that the taper 170 on the hard
mask 1s transferred to a corresponding taper 175 1n the stack
of conductive layers. In some embodiments, the hard mask
might be omitted, and the tapered photoresist element 1s used
during the taper etch of the stack. The edges of the conductive
layers 150-147 are staggered to form shelves around their
perimeters. The widths of the shelves caused by the stagger
between each layer can be determined by the thicknesses of
the insulating layers between the conductive layers, and the
slope of the taper 175.

The etching process used to define the taper 170 on the hard
mask and the taper 175 on the stack of conductive layers can
be one continuous etching process. Alternatively, a first pro-
cess can be used to define the taper 170 on the hard mask 160,
at a second etch process used to define the taper 175 on the
stack of conductive layers.

FIG. 8C illustrates a next stage 1n the process. After form-
ing the taper 175, an msulating fill 176 1s deposited and
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planarized over the stack of conductive layers 150-147. Then,
vias are defined using a lithographic step which patterns all of
the vias for all the layers at the same time. An etching process
1s applied which 1s highly selective for the conductive mate-
rial 1n the conductive layers 150-147, relative to the fill layer
176. In this way, the etching process within each of the vias
stops on the corresponding conductive layer. The vias are then
filled with plugs 177,178, 179, 180 on one side of the perim-
cter of the memory array area, and plugs 181, 182, 183, 184
on another side of the perimeter memory array area. Thus, the
perimeters of the conductive layers are patterned and contact
vias are formed using only one lithographic step to define a
hard mask 160, and one lithographic step to define the loca-
tion of the vias used for the contact plugs 177-184. Also, only
two (or possibly three) etch processes are applied to create the
structure shown 1n FI1G. 9C.

FIG. 9 1s a sitmplified layout view of a portion of the array,
showing overlying interconnects for connecting the stack of
conductive layers to plane decoding circuits. In FIG. 9, the top
dielectric layer 150 1s 1llustrated. An array of electrode pillars
(e.g. pillar 151) penetrates the dielectric layer 150.

Contact plugs, such as plug 152, which correspond with the
plugs 177-184 1n FIG. 8C, are arranged along the perimeters
of the conductive layers. The contact plugs 1n a row along the
edge of the layer 150 are coupled to an interconnect wire 153
overlying the stack of conductive layers.

Conductive layer 149 extends to the right of the intercon-
nect wire 153, and contact plugs 1n a row along the edge of
layer 149 are coupled to the interconnect wire 154. Conduc-
tive layer 148 extends to the right of the interconnect wire
154, and contact plugs 1n a row along the edge of layer 148 are
coupled to the interconnect wire 155. Conductive layer 147
extends to the right of the interconnect wire 1355, and contact
plugs 11 a row along the edge of layer 147 are coupled to the
interconnect wire 156.

A simplified view of the interconnect wiring 133-156 over-
lying the array is intended to illustrate a manner of coupling
the plurality of conductive layers in the memory array to
interconnect wiring. It can then be routed as necessary to
plane decoding circuitry. Also, the interconnect wiring can be
arranged to distribute the bias voltages applied to the layers of
conductive material more uniformly across the area of the
array.

FIGS. 10 and 11 together show a cross-section of a portion
of an integrated circuit including a 3D phase change memory
array, and a memory cell access structure that includes mul-
tiple metallization layers and peripheral circuitry. Also,
FIGS. 10 and 11 can be referred to during the description of
the manufacturing method set forth below with reference to
FIGS. 12A-12B.

FIG. 10 shows a portion of the memory array formed on the
substrate 200. Horizontal FE'T”s are defined by source regions
163, 265 and drain regions 164, 266 1n the substrate 200.
Trench 1solation structures 161 and 162 1solate regions in the
substrate. Word lines 267 and 268 provide gates for the access
devices. Interlayer dielectric 269 overlies the word lines 267,
268 and substrate. Contact plugs 270, 271, 272 and 273
extend through the interlayer dielectric 269 to an overlying
metallization plane with dielectric fill 278 including bit lines
275 and 274 coupled to contacts 271 and 273. Contact pads
277 and 276 extend through the dielectric 111l 278 to overlying
contacts 280 and 281, which extend through another inter-
layer dielectric 279. Another metallization plane with dielec-
tric 1111 284 overlies the dielectric layer 279. Contact pads 282
and 283 are coupled to the underlying contacts 280 and 281,
providing connection to the access devices below. The
memory cell access layer 185 in this embodiment includes the
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components from the contact pads 282, 283 through the
access transistors that include the source and drain regions
163,164, 265, 266 1n the substrate 200. The substrate 200 can
comprise bulk silicon or a layer of silicon on an insulating
layer or other structures known in the art for supporting
integrated circuits.

A plurality of electrode pillars i1s arranged on top of the
memory cell access layer 185. In this drawing, a first elec-
trode pillar including conductive core 192, layer 193 of phase
change material, and threshold switching material layer 194,
and a second electrode pillar including conductive core 189,
layer 190 of phase change material, and threshold switching
matenal layer 191 are illustrated. The first electrode pillar 1s
coupled to the pad 282. The second electrode pillar 1s coupled
to the pad 283. An insulating layer 186-1 overlies the memory
cell access layer 185. Conductive layer 187-1 overlies the
insulating layer 186-1. Alternating conductive layers 187-2
through 187-4, and insulating layers 186-2 through 186-4 are
formed on top of the conductive layer 187-1. A dielectric fill
188 overlies the structure and has a planar top surface.

FIG. 11 shows a continuation of the device out into the
periphery region where supporting circuitry 1s formed and
contacts are made to the plurality of conductive layers. In
FIG. 12, the electrode pillar including conductive core 189,
layer 190 of phase change material, and threshold switching
maternial layer 191 are illustrated, and the same reference
numerals are applied as are used 1n FIG. 10. As shown 1n FIG.
11, a peripheral device includes a transistor formed by source
204, gate 207 and drain 203. Trench 1solation structure 201 1s
illustrated 1n the drawing. A wide variety of devices are
implemented 1n the periphery to support decoding logic and
other circuits on the integrated circuit. The multiple metalli-
zation planes are used in the periphery circuit for wiring
interconnects. Thus, a contact plug 210 extends from drain
203 to a wire 217 1 an upper layer. Plug 218 extends from the
wire 217 to wire 219 1n another layer.

The conductive layers 187-1 through 187-4 are coupled to
corresponding contact plugs 223, 222, 221, 220. Interconnect
wires 224 through 227 are coupled to the plugs and provide
for interconnection between the plurality of conductive layers
and decoding circuitry in the periphery of the device.

FIGS. 12A and 12B include a flow chart for a manufactur-
ing method which can be applied to make the structure shown
in FIGS. 10 and 11. For the purposes of this application, the
first step 300 involves forming the memory cell access layer,
including bit lines, word lines, access devices (including
either vertical or horizontal transistors) and contacts. At this
stage, peripheral circuitry on the integrated circuit substrate 1s
also formed as shown 1n FIG. 11. As a result of this process,
a top surface of the memory cell access layer 1n the memory
region of the device has an array of contacts, including con-
tacts 282, 283 of FIG. 10. At this stage, standard manufactur-
ing techniques have been applied including all the necessary
patterning and etching steps needed for forming the periph-
eral circuitry and the access devices. The contacts and inter-
connects involved 1 the memory cell access layer should be
made using a refractory metal, such as tungsten, so that the
thermal budget involved in the deposition of a large number of
layers of conductive material will not interfere with the under-
lying interconnects.

Next, an mterlayer dielectric (e.g. 186-1) 1s deposited over
the memory cell access layer (301). The interlayer dielectric
can be silicon dioxide, silicon oxide nitride, silicon nitride or
other iterlayer dielectric materials. Next, alternating blanket
depositions of conductive layers and dielectric layers are
performed (302). These blanket depositions provide the plu-
rality of conductive layers (e.g. 187-1 through 187-4) acting,
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a electrode planes. A typical thickness for the conductive
layers can be on the order of 50 nanometers. The dielectric
layers form the msulation between the conductive layers. The
thicknesses of the insulating layers can also be on the order of
50 nanometers 1in one example. Other examples will include
larger or smaller thicknesses for the conductor materials, and
dielectric layers as desired or required for particular imple-
mentations. In a next stage, a lithographic pattern 1s applied to
define and open vias for the memory cell pillars through the
plurality of conductor planes to corresponding contacts on the
memory cell access layer (303). Reactive 10n etching process
can be applied to form deep, high aspect ratio holes through
the silicon dioxide and conductor layers to provide vias for
the electrode pillars.

After opening the vias, a layer of threshold switching mate-
rial 1s deposited on the side walls of the electrode pillar vias
(304). The threshold switching material can be deposited
using atomic layer deposition or chemical vapor deposition
technologies.

After formation of the threshold switching layer, a layer of
phase change material 1s deposited over the threshold switch-
ing material on the side walls of the electrode pillar vias (305).
Next a thin layer of electrode material 1s deposited over the
layer of phase change material to protect the phase change
layer during a subsequent etch (306).

The resulting layers of threshold switching material, thin
film electrode material and phase change material are aniso-
tropically etched to open the bottom of the electrode pillar
via, exposing the underlying contact (307). In a next step, the
center electrode material 1s deposited within the electrode
pillar via (308). The center electrode material can be the same
as or different than the electrode material used for the thin
f1lm formed 1n step 306. Alter depositing the center electrode
material, the resulting structure 1s etched back and planarized,
using a chemical mechanical polishing process or other pla-
narizing process.

Next, an interlayer dielectric 1s deposited over the structure
(block 309).

After forming the plurality of conductive layers, contact
areas are defined on the perimeters of the conductive layers
using the taper etch process (310) described above with ref-
erence to FIGS. 8A-8C. Alternative techniques can be used
for defining contact areas on the plurality of conductive lay-
ers. Alternative techniques may involve lithographic steps at
other stages 1n the process, as will be understood according to
the techniques applied. After patterning the perimeters of the
conductive layers, an insulating fill 1s deposited and pla-
narized over the structure. Then, vias are opened through the
insulating {ill to contacts on the perimeters of the conductive
layers (311).

The vias are filled using tungsten or other contact material,
and metallization processes are applied to provide intercon-
nection between the contacts to the conductive layers and
plane decoding circuitry on the device (312). Finally, back
end of line BEOL processes are applied to complete inte-
grated circuit (313).

FIGS. 13A and 13B 1llustrate patterns for conductive lay-
ers 1n the plurality of conductive layers that can be applied to
establish interconnect contacts on the perimeter of the planes,
which include interleaved tabs. Thus, FIG. 13 A shows plane
A and FIG. 13B shows plane B. Tabs 250 A through 253 A are
positioned along the perimeter ol plane A. Tabs 251B through
23538 are positioned along the perimeter of plane B. The tabs
are positioned so that when the planes are overlaid as shown
in F1G. 14, the contacts (e.g. contact 255) are interleaved and
define a row that 1s parallel to the perimeter of the planes.
Thus, imnterconnect wires for plane A and interconnect wires
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for plane B can be routed in parallel to the tabs. This technique
reduces the area needed for making contact to the plurality of
conductive layers signmificantly. Interleaving can involve more
than 2 planes, such as 8 or 16 planes or more 1n order to save
significantly more area on the device. This technique however
involves a non-critical pattern step with each blanket deposi-
tion of conductive material.

FI1G. 15 1llustrates one technique for extending the number
of conductive layers that can be applied 1n a single electrode
pillar, while maintaining a relatively small via footprint. The
structure shown 1n FIG. 15 includes a stack including a num-
ber of sets 400-402 of conductive layers. The first set 400 of
conductive layers, 1s formed by alternating insulator layers
423-1 through 423-4 and conductive layers 424-1 through
424-4 over layer 422. The other sets 401 and 402 comprise

similar structures. The process involves first making the first
set 400 of conductive layers, defining an electrode pillar via
through the first set, and forming the first part of the electrode
pillar. The first part of the electrode pillar contacts pad 420
which 1s coupled to an access device 419. Next, a second set
401 of conductive layers 1s defined over the first. An electrode
pillar via 1s defined through the second set 401, which opens
a viato the first part of the electrode pillar. A second part of the
clectrode pillar 1s formed within the via through the second
set 401 of conductive layers.

As shown 1n the drawing, the second part of the electrode
pillar may be slightly misaligned with the first, because align-
ment tolerance 1s ivolved in the lithographic processes used
to define the vias. Optionally, a contact pad 431 can be formed
between the layers by a lithographic step to provide for better
alignment tolerance among the lithographic processes if
required. Finally, an electrode pillar via 1s defined through the
third set 402 of conductive layers, which opens a via to the
second part of the electrode pillar. The third part of the elec-
trode pillar 1s formed within the third set 402 of conductive
layers. The drawing also shows the optional contact pad 432
between the second and third parts of the electrode pillar.
Although the drawing shows four conductive layers per set,
embodiments of the technology can involve using a larger
number of planes, such as 16,32, 64 or more, contacting each
stacked part of the electrode pillar.

FIG. 16 1s a simplified block diagram of an integrated
circuit according to an embodiment of the present invention.
The integrated circuit 475 includes a 3D memory array 460
implemented as described herein, on a semiconductor sub-
strate. A row decoder 461 1s coupled to a plurality of word
lines 462, and arranged along rows 1n the memory array 460.
A column decoder 463 1s coupled to a plurality of bit lines 464
arranged along columns 1n the memory array 460 for reading
and programming data from the memory cells 1n the array
460. A plane decoder 458 1s coupled to a plurality of electrode
planes in the memory array 460 on line 459. Addresses are
supplied on bus 465 to column decoder 463, row decoder 461
and plane decoder 458. Sense amplifiers and data-in struc-
tures 1n block 466 are coupled to the column decoder 463 1n
this example via data bus 467. Data 1s supplied via the data-in
line 471 from mnput/output ports on the mtegrated circuit 475
or from other data sources internal or external to the inte-
grated circuit 473, to the data-in structures 1n block 466. In the

illustrated embodiment, other circuitry 474 1s included on the
integrated circuit, such as a general purpose processor or
special purpose application circuitry, or a combination of
modules providing system-on-a-chip functionality supported
by the thin film fuse phase change memory cell array. Data 1s
supplied via the data-out line 472 from the sense amplifiers 1n
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block 466 to input/output ports on the integrated circuit 475,
or to other data destinations 1nternal or external to the inte-
grated circuit 475.

A controller implemented 1n this example using bias
arrangement state machine 469 controls the application of
bias arrangement supply voltage generated or provided
through the voltage supply or supplies 1n block 468, such as
read and program voltages. The controller can be 1mple-
mented using special-purpose logic circuitry as known in the
art. In alternative embodiments, the controller comprises a
general-purpose processor, which may be implemented on
the same integrated circuit, which executes a computer pro-
gram to control the operations of the device. In yet other
embodiments, a combination of special-purpose logic cir-
cuitry and a general-purpose processor may be utilized for
implementation of the controller.

While the present invention 1s disclosed by reference to the
preferred embodiments and examples detailed above, 1t 1s to
be understood that these examples are intended 1n an illustra-
tive rather than 1 a limiting sense. It 1s contemplated that
modifications and combinations will readily occur to those
skilled 1n the art, which modifications and combinations will
be within the spirit of the mvention and the scope of the
tollowing claims.

What 1s claimed 1s:

1. A memory device, comprising:

an integrated circuit substrate including an array of access

devices;
a plurality of conductive layers, separated from each other
and from the array of access devices by insulating layers;

an array of electrode pillars extending through the plurality
of conductive layers, the electrode pillars 1n the array
contacting corresponding access devices 1n the array of
access devices, and defining interface regions between
sides of the electrode pillars and conductive layers in the
plurality of conductive layers; and

memory elements in the interface regions, each of said

memory elements comprising a programmable phase
change memory element and a threshold switch ele-
ment.

2. A memory device, comprising:

an integrated circuit substrate including an array of access

devices;
a plurality of conductive layers, separated from each other
and from the array of access devices by insulating layers;

an array of electrode pillars extending through the plurality
of conductive layers, the electrode pillars 1n the array
contacting corresponding access devices 1n the array of
access devices, and defining interface regions between
the electrode pillars and conductive layers 1n the plural-
ity of conductive layers;

memory elements in the interface regions, each of said

memory elements comprising a programmable phase
change memory element and a threshold switch ele-
ment,
row decoding circuits and column decoding circuits
coupled to the array of access devices arranged to select
an electrode pillar 1n the array of electrode pillars; and

plane decoding circuits coupled to the plurality of conduc-
tive layers arranged to bias the threshold switching ele-
ments to a conductive state 1n the 1interface regions 1n a
selected conductive layer and to bias the threshold
switching elements to a non-conductive state in interface
regions 1n a non-selected conductive layer.

3. The memory device of claim 1, wherein an electrode

pillar in the array of electrode pillars comprises a conductor in

clectrical communication with a corresponding access
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device, and a layer ol phase change memory material between
the conductor and the plurality of conductive layers, wherein
the programmable phase change element 1n each of said
memory elements comprises an active region 1n the layer of
phase change memory material at the interface regions.

4. The memory device of claim 1, wherein an access device
in the array of access devices comprises:

a transistor having a gate, a first terminal and a second

terminal; and

the array including a bit line coupled to the first terminal, a

word line coupled to the gate, and wherein the second
terminal 1s coupled to a corresponding electrode pillar in
the array of electrode pillars.

5. The memory device of claim 1, wherein an access device
in the array of access devices comprises a vertical transistor.

6. The memory device of claim 1, wherein the plurality of
conductive layers have perimeters, and respective portions of
said perimeters are configured for contact to decoding cir-
cuitry.

7. The memory device of claim 1, wherein the plurality of
conductive layers have perimeters, and respective portions of
said perimeters include tabs configured for contact to decod-
ing circuitry, and including

a wiring layer overlying said plurality of conductive layers

including conductors coupling said plurality of conduc-
tive layers to decoding circuitry; and

conductive plugs contacting said tabs and extending

upwardly to the wiring layer.

8. The memory device of claim 7, wherein said tabs are
arranged 1n an interleaved fashion, so that conductive plugs 1in
the plurality of conductive plugs that are coupled to inter-
leaved tabs on different conductive layers 1n the plurality of
conductive layers are arranged 1n a row, the row extending 1n
a direction defined by the interleaved tabs.
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9. The memory device of claim 1, wherein the array of
access devices underlies the plurality of conductive layers.

10. The memory device of claim 1, wherein an electrode
pillar in the array of electrode pillars comprises a central core
conductor 1n electrical communication with a corresponding
access device, and a layer of phase change memory material
on the central core conductor, a layer of threshold switching
material over the layer of phase change memory material and
contacting the plurality of conductive layers, wherein each of
said phase change memory elements comprises an active
region 1n the layer of phase change memory material at the
interface regions between the central core conductor and the
layer of threshold switching material.

11. The memory device of claim 1, wherein the electrode
pillars comprise respective stacks of electrode portions,
where each portion extends through a corresponding set of the
plurality of conductive layers.

12. A memory device, comprising;:

an 1ntegrated circuit substrate including an array of elec-

trode pillars and a plurality of electrode planes that inter-
sect the electrode pillars at interface regions;

phase change memory elements 1n the interface regions

comprising programmable elements and threshold
switching elements;

row decoding circuits and column decoding circuits

arranged to select electrode pillars 1n the array of elec-
trode pillars; and

plane decoding circuits arranged to bias the threshold

switching elements 1n a conductive state 1n the mterface
regions 1n a selected electrode plane and to bias the
threshold switching elements 1n a non-conductive state
in 1nterface regions in a non-selected electrode plane.

¥ o # ¥ ¥
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PATENT NO. : 8,173,987 B2 Page 1 of 2
APPLICATION NO. : 12/430386

DATED : May 8, 2012

INVENTOR(S) . Hsiang-Lan Lung,

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In column 16, after line 34, msert the following claims:

--13. A method for manufacturing a memory device, comprising:

forming an array of access devices;

forming a plurality of conductive layers under or over the array of access devices, separated from
each other and from the array of access devices by insulating layers;

forming an array of electrode pillars extending through the plurality ot conductive layers, the
electrode pillars 1n the array contacting corresponding access devices 1n the array of access devices,
and defining interface regions between sides of the electrode pillars and conductive layers in the
plurality of conductive layers; and

forming memory elements 1n the interface regions, each ot said memory elements comprising a
programmable phase change memory element and a threshold switch element.

14. The method of claim 13, wherein said forming a plurality of conductive layers includes blanket
deposition of conductor material.

15. The method of claim 14, wherein said forming a plurality of conductive layers includes:
forming a plurality of blanket layers of conductor material; and
forming blanket layers of insulating material between the blanket layers of conductor material.

16. The method of claim 13, wherein said forming an array of electrode pillars includes:

defining an electrode via through the plurality of conductive layers;

depositing a layer of threshold switching material and a layer of memory material on sidewalls of
the electrode via; and

filling the electrode via over the layer of memory material with an electrode materiall.

17. The method of claim 13, wherein said phase change memory material comprises a chalcogenide.

Signed and Sealed this
Tenth Day of July, 2012

David J. Kappos
Director of the United States Patent and Trademark Office
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18. The method of claim 13, wherein said forming an array of electrode pillars includes:
defining an electrode via within the plurality of conductive layers;

depositing a layer of threshold switching material on sidewalls of the electrode via;

forming a layer of phase change memory material on the layer of threshold switching material;
and

filling the electrode via over the layer of phase change material with an electrode material.

19. The method of claim 18, wherein said filling the electrode via over the layer of phase change
material includes forming a thin film of electrode material over the layer phase change material,
anisotropically etching to form an opening in the electrode via exposing a contact for the
corresponding access device, and filling the via and the resulting opening with electrode material.--
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Delete title page and substitute therefor the attached title page showing the corrected number of claims
In patent.

In column 16, after line 34, msert the following claims:

--13. A method for manufacturing a memory device, comprising:

forming an array of access devices;

forming a plurality of conductive layers under or over the array of access devices, separated from
each other and from the array of access devices by insulating layers;

forming an array of electrode pillars extending through the plurality of conductive layers, the
electrode pillars in the array contacting corresponding access devices 1n the array of access devices,
and defining interface regions between sides of the electrode pillars and conductive layers in the
plurality of conductive layers; and

forming memory elements in the interface regions, each of said memory elements comprising a
programmable phase change memory element and a threshold switch element.

14. The method of claim 13, wherein said forming a plurality of conductive layers includes blanket
deposition of conductor material.

15. The method of claim 14, wherein said forming a plurality of conductive layers includes:

forming a plurality of blanket layers of conductor material; and
forming blanket layers of insulating material between the blanket layers of conductor material.

This certificate supersedes the Certificate of Correction 1ssued July 10, 2012.

Signed and Sealed this
Fourteenth Day of August, 2012

David J. Kappos
Director of the United States Patent and Trademark Office
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16. The method of claim 13, wherein said forming an array of electrode pillars includes:
defining an electrode via through the plurality of conductive layers;

depositing a layer of threshold switching material and a layer of memory material on sidewalls of
the electrode via; and

filling the electrode via over the layer of memory material with an electrode materiall.
17. The method of claim 13, wherein said phase change memory material comprises a chalcogenide.

18. The method of claim 13, wherein said forming an array of electrode pillars mcludes:
defining an electrode via within the plurality of conductive layers;
depositing a layer of threshold switching material on sidewalls of the electrode via;
forming a layer of phase change memory material on the layer of threshold switching material;
and

filling the electrode via over the layer of phase change material with an electrode material.

19. The method of claim 18, wherein said filling the electrode via over the layer of phase change
material includes forming a thin film of electrode material over the layer phase change material,
anisotropically etching to form an opening in the electrode via exposing a contact for the
corresponding access device, and filling the via and the resulting opening with electrode material.--
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